A quantum-chemical study of the mechanism of transesterification reaction carried out in the traditional and supercritical fluid (SCF) conditions has been performed. Samples of biodiesel fuel have been derived from rapeseed oil in the environment of supercritical ethanol using a flow type unit, both in the absence and in the presence of heterogeneous catalysts-metal oxides. Experimental studies of kinematic viscosity of a large array of samples of derived biodiesel have been performed. The viscous correlation allowing determining the content of the desired product-fatty acid ethyl esters (FAEE)-in biodiesel samples, has been made based on the obtained experimental data on the kinematic viscosity of biodiesel samples. The influence of change of the dielectric permittivity of working environments on the rate of reaction of transesterification in the supercritical fluid conditions has been revealed.
Introduction
The modern possibilities of mathematical modelling and software allow simpliHow to cite this paper: Gumerov, F.M., Usmanov, R.A., Mazanov, S.V., Gabitova, A.R., Kourdiyukov 
Materials and Methods
The bulk of quantum-chemical studies [5] [6] has been formed in the Linux operating system using the program "Priroda, version 4.11" (Laikov D. N., Moscow, Russia), which implements the density functional theory (DFT) method with the PBE(Perdew-Burke-Ernzerhof) density functional and a basis set of effective potentials 3z basis set. The results, by key elementary act, have been confirmed by quantum-chemical calculations using the Becke 3-Parameter (Exchange), Lee, Yang and Parr (B3LYP) method with the 6-311++g (df, p) basis set within the use of Gaussian09 (Gaussian, Inc., Pittssburg, USA) programs. Transition states are indicated by the abbreviation TS. In the reaction schemes the dotted line highlighted the distance between the atoms of interest for discussion and orientation communication, exceeding a length of 2.6 Å, that is, conditional maximum length of the emerging or breaking hydrogen bond in the transition state. In the reaction schemes in bold are highlighted atoms, which form new connections between them or broke old connections.
Translation The transesterification reaction was carried out using the experimental setup shown in Figure 1 . Raw materials (ethanol ("Ecopharm", Kazan, Russia, GOST R 51723-2001) and rapeseed oil ("Aston", Rostov-on-Don, Russia, GOST R 53457-2009)) from tanks (1) and (2) are introduced into a mechanical mixer (4). Experimental plant for carrying out a catalytic reaction in the SbCF and SCF conditions: 1-alcohol tank; 2-oil tank; 3, 7 and 15-valves; 4-mixer; 5-pump; 6-emulsifier; 8-dosing pump; 9-insulator; 10-reactor; 11-catalyst section of the reactor; 12-power supply unit; 13-refrigerators; 14-evaporator.
A gear pump (5) allows the mixture to pass through an ultrasonic emulsifier (UIP 1000HD Hielscher (Hielscher Ultrasonics GmbH, Oderstr. 53 D-14513 Teltow, Germany)) (6) pressurized at 0.4 MPa; this pressure is chosen to ensure the maximum mixing efficiency and to obtain a homogeneous and stable emulsion. Then the initial mixture (ethyl alcohol-rapeseed oil) in different molar ratios determined with the metering pump (8) , at the split-off film evaporator (13) , is circulated continuously through the reactor (10) , and the catalyst section of the reactor (11) , before reaching the predetermined temperature. The processing time varies from 25 to 35 minutes, depending on the reaction conditions. After reaching the predetermined temperature and outputting a steady state within 30 min, the resulting reaction product is fed to the film evaporator (13) , by locking the control valves (14) , for complete removal of excess alcohol presents in the reaction product after sampling [7] .
All experiments were performed under a pressure of 30 MPa. The effects of ethanol to oil molar ratio (12:1, 18:1 and 20:1), the reaction temperature (623 K and 653 K), and the amount and type of catalysts on the conversion ratio of the triglycerides to FAEE were investigated.
The ethyl ester content of the transesterification product was analyzed by gas chromatography-mass spectrometry (GC-MS) using a DFS device from Thermo Electron Corporation (Waltham, Massachusetts, USA). It was equipped with a 5% diphenyl/95% dimethyl polysiloxane stationary phase of a capillary column (Australian company SGE (Scientific Glass Engineering) ID-BP5H (analogue DB-5MS)), using helium as the carrier gas. The dimensions of the column were (50 m × 0.32 mm I.D., and the film thickness 0.25 μm).
After separation in the column, the ionization method was used to quantify the compounds in the stream. The energy of the ionizing electrons was 70 eV and the temperature of the ion source was 553 K.
The requirements to obtain chromatograms are the following: injector temperature of 573 K, split ratio of 1:10; the carrier gas flow through a column of 2 ml/min; the delay time is 50 minutes; the temperatures of the communication device 1) Initial temperature: 393 K (1 min);
2) The heating rate 20/min up to 573 K. Sample volume of 0.1 μl is dissolved in ethanol in a ratio of 1: 100. The quantitative analysis was also performed by the method of internal normalization. The processing of mass spectral data is carried out using the program "Xcalibur" (Thermo Electron Corporation (Waltham, Massachusetts, USA)).
Discussion

Quantum-Chemical Study of Transesterification Reaction in the Traditional and Supercritical Fluid Conditions
Due to the presence of water in the initial mixture of reagents when carrying out a transesterification reaction, a competitive reaction of hydrolysis is considered along with the main reaction. Figure 2 presents the chemistry of reactions.
There are one or two elementary acts of reaction, depending on the participating alkoxycarbonyl group ( Figure 3 and Figure 4 ). The traditional reaction under atmospheric pressure without the use of catalysts is impossible to be carried out due to the high-energy barrier Ea = 33.66 kcal/mol (Table 1 ). The participation of dimeric associate of methanol in the reaction ( Figure 5 )
is energetically more effective (Table 2 ) than the participation of trimeric associate ( Figure 6 ) (27.47 and 31.78 kcal/mol, respectively). The presence of glycerine in the initial mixture only slightly affects the energy of the process. The presence of several percent of water in alcohol provides that there is a relatively large potential trap (10.33 kcal/mol) for products of forward reaction (Table 2) for the glycerine-water associate pair when interacting with a triglyceride alkoxycarbonyl bond. Because of hydrolysis reaction, fatty acids that act as catalysts are 
Me Table 2 . Calculated energy and thermodynamic parameters (in kcal/mol, ΔS ≠ in cal/ mol·K) of reaction systems under normal conditions (P = 1 atm, T = 25˚C) (corresponding to Figure 5 and Figure 6 ) in the approximation of DFT methods with the PBE/3z and B3LYP/6-311++G (df, p) density functional. formed making the process autocatalytic. Table 3 gives the results of quantum-chemical calculations of the transesterification reaction carried out in the SCF conditions. The constant of reaction rate calculated using the formula (1) sharply increases with an increase in temperature, which indicates the high rate of reaction in the SCF conditions ( Figure 7 and Figure 8 ) [8] .
The formula for calculating the rate constants of the pseudo-first order reaction is:
where k = 1.38 × 10 −23 J·K −1 (Boltzmann constant), T is temperature in kelvins, h = 6.6261 × 10 −34 J·s, R = 8.31 J/(mol·K) (the universal gas constant), e = 2.71828, ΔG ≠ is Gibbs energy of activation.
According to the rule of Semenchenko, the most preferable solvent is the one with dielectric permittivity, the closest to substance dissolved, under dissolution conditions. From this point of view, it seems quite logical that the area of sharp increase in the reaction rate in Figure 8 accrues to the range of close values of dielectric permittivity of oil and alcohol ( Figure 9 ). 
Transesterification of Vegetable Oils in an Alcohol Environment in the SbCF and SCF Conditions with the Ultrasonic Emulsification of Reaction Mixture and the Use of Heterogeneous Catalysts of Various Chemical Nature
The low miscibility of vegetable oils with alcohols under normal and often other conditions determines a relatively small surface of contact of phases which, eventually, reduces the completeness of transesterification reaction. The use of ultrasonic emulsifier allows increasing significantly the area of contact of phases, and, respectively, the rate of chemical reaction.
According to many articles, to accelerate the transesterification reaction in supercritical conditions heterogeneous catalysts are used [9] derived using the impregnation method are characterized by polymodal pore distribution with the prevalence of pores in diameters of 5 -10 nm. The texture of synthesized samples of catalysts is slightly different from the texture of the initial aluminum oxide, except for an insignificant, within 10%, decrease in the volume of mesopores in the sample containing 5% of active component of the total weight of catalyst. Studies of the problem of regeneration of heterogeneous catalysts and, first of all, active aluminum oxide have been conducted [14] [15] [16] [17] . Figure 10 and Figure 11 provide the characteristics of non-catalytic and catalytic reactions of transesterification of rapeseed oil in the environment of ethanol carried out in the temperature range of 623 -653 K under the pressure of 30 MPa and the ethanol-rapeseed oil molar ratios of 12:1 and 18:1 with the use of heterogeneous catalysts Al 2 O 3 , ZnO/Al 2 O 3 , MgO/Al 2 O 3 , SrO/Al 2 O 3 with various degrees of impregnation (1% -5%) of the carrier [7] .
The use of ultrasonic emulsification of initial reaction mixture and heterogeneous catalysis has allowed to intensify the reaction and to receive high values of (Table 5 ) and in the presence of heterogeneous catalysts (Table 6 ). Several selected biodiesel fuel samples obtained with different molar ratio ethanol: rapeseed oil for different temperatures (623 K, 638 K, and 653 K) were also analyzed with a GC-MS ( Figure 16 , Table 4 ) to confirm the viscosity analyses results. The last column of Table 5 , Table 6 contains the values of FAEEs concentration obtained using GC-MS analyses. The agreement between the viscosity correlation and GC-MS analyses is good enough.
Conclusion
As a result of quantum-chemical study of the mechanism of reaction of transesterification of triglycerides of fatty acids and their analogues in the supercritical Figure 16 . Chromatogram of obtained biodiesel fuel sample using a catalyst ZnO/Al2O3 (T = 653 K, molar ratio "ethanol: rapeseed oil"-18:1). Table 5 . Content of FAEE (% wt.) in the samples of product of transesterification reaction carried out in the SCF conditions with the preliminary ultrasonic emulsification of reaction mixture according to the results of GS-MS and within "viscosity correlation". fluid conditions, it has been established that alcohol dimers participate in the reaction. The reaction is autocatalytic due to the presence of several percent of water in the initial mixture and the formation of carbonic acids. The rate of reaction of transesterification sharply increases in the SCF conditions. The use of heterogeneous metal oxide catalysts allows to reduce the temperature of process and the molar ratio of the initial alcohol and oil reagents.
